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ttp://dx.doi.org/10.1016/j.jmoldx.2013.02.005The simplemethod for amplifying RNA targets (SMART) was used to detect K103N, a commonHIV-1 reverse
transcriptase drug-resistance mutation. Novel ampliﬁable SMART probes served as reporter molecules for
RNA sequences that are captured and separated on a microﬂuidic platform under zero-ﬂow conditions.
Assays were performed both off chip and in a microchip reservoir using a modiﬁed version of real-time
nucleic acid sequence-based ampliﬁcation, without the noncyclic phase, and 65C preheat. A total of 6000
copies/mL of the synthetic sequences were detected within 180 minutes of ampliﬁcation. Although the
sensitivity of research platforms is higher, SMART has the potential to offer comparable sensitivity and
speed to commercially available viral load and HIV detection kits. Furthermore, SMART uses an inexpen-
sive, practical, and more accurate isothermal exponential ampliﬁcation technique. The use of molecular
beacons resulted in relatively fast real-time detection (<180 minutes); however, they were also shown to
hinder the ampliﬁcation process when compared with end point detection. Finally, SMART probes were
used for modeling of K103N concentrations within an unknown sample. Only 1% of the SMART probes was
detected within the wild-type population (6 108 copies/mL). These results establish the groundwork for
point-of-care drug resistance and viral load monitoring in clinical samples, which can revolutionize HIV
patient care globally. (J Mol Diagn 2013, 15: 401e412; http://dx.doi.org/10.1016/j.jmoldx.2013.02.005)Supported by NIH grants 1R21 A1073808-01 A1, P30AI042853, and
R01AI066922.HIV is a daunting global pandemic.1 The development of
resistance to antiretroviral medications is the main cause for
treatment failure of HIV-infected individuals.2 K103N,
a point mutation of lysine to asparagine at position 103 of
the HIV reverse transcriptase (RT), is a common mutation
that causes high-level resistance to ﬁrst-generation non-
nucleoside reverse transcriptase inhibitors, such as nevir-
apine and efavirenz.3 HIV-infected patients receiving
nonnucleoside reverse transcriptase inhibitorebased treat-
ment who harbor K103N, either before or after exposure to
antiretroviral therapy, will most likely fail therapy and will
require alternative antiretroviral treatment.3 Therefore, the
detection of K103N, and other drug-resistance mutations, is
of great importance, especially in resource-limited settings
(RLSs), in which nonnucleoside reverse transcriptase
inhibitorebased regimens serve as ﬁrst-line treatment and
subsequent options are limited.4stigative Pathology
.A sensitive method to detect drug resistance in a small
rural clinic with no advanced laboratory infrastructure or the
use of a ﬁeld-deployable device to quickly detect resistance,
although extremely beneﬁcial, is lacking. The success of
any ﬁeld-deployable device will depend on variables such as
the cost per test, the need for specialized equipment, staff
expertise, refrigeration of reagents during shipping, and
shelf life. It would be beneﬁcial if the device would also use
minimal sample volume and provide excellent assay sensi-
tivity. Presently available assays, some with signiﬁcant
strengths, do not meet all these considerations.5,6
Various ﬁeld-deployable assays to detect HIV and/or
measure its RNA levels [viral load (VL)] are under devel-
opment,7 although, to our knowledge, none incorporate
Morabito et aldrug-resistance testing. For example, progress has been
made on a device for HIV detection via immunoassay
intended for RLS,8 and a successful antibody-based HIV-1/
2 test device has recently been granted Food and Drug
Administration approval for at-home use.9 Many commer-
cial HIV-1 detections and VL kits are available, including
the COBAS TaqMan assay (Roche, Pleasanton, CA), a real-
time HIV-1 assay (Abbott, Chicago, IL), and an Ultrasen-
sitive p24 Assay (PerkinElmer, Waltham, MA).10 These kits
use a variety of blood markers for detection and directly
monitor VL by measuring HIV-1 RNA or indirectly by
measuring p24 antigen, HIV antibodies, or CD4þ T-cell
counts. However, none of these HIV detection devices and/
or VL kits is capable of testing for drug-resistant mutations.
Two main commercial HIV genotyping assays are
available to monitor drug resistance, ViroSeq (Abbott) and
TRUGENE (Siemens, Washington, DC).10e14 ViroSeq is
a PCR-based DNA sequencing technique requiring a full-
scale sequencer with multiple primers. It requires an initial
preparation of a plasma sample using a viral RNA isolation
kit, followed by RNA reverse transcription, DNA PCR
ampliﬁcation, and sequencing ampliﬁed products using
ViroSeq equipment in preparation for data analysis. Simi-
larly, TRUGENE is an approved DNA sequencing-based
technique, targeting the protease and reverse transcriptase
(codons 40 to 247). Both methods require an HIV VL in the
range of 2000 to 750,000 copies/mL13,15 for successful
ampliﬁcation and resistance detection, and both can detect
K103N mutations in samples containing approximately 20%
to 25% K103N variants.16
Recent research-only assays have been developed to increase
the sensitivity of resistance detection, which seems to be im-
portant for clinical care.17 Such assays include next-generation
sequencing, pyrosequencing,18 allele-speciﬁc PCR,15,19e21 and
single-genome sequencing,22 which can detect resistance
mutations at levels as low as 0.1%. Despite high sensitivity,
pyrosequencing and single-genome sequencing are costly and
time-consuming, requiring sequencing of multiple genomes.
Allele-speciﬁc PCR is mutation speciﬁc and limited by occur-
rences of false negatives from nucleotide polymorphisms that
can destabilize primer binding. Other novel approaches use
ligation of probe molecules as an indicator of mutation detec-
tion.23 Ligation ampliﬁcation depends on two single-stranded
DNA probes hybridizing adjacently to a target mutation
sequence. In addition to PCR ampliﬁcation, rolling circle
ampliﬁcation is also used in conjunction with this ligation
approach.24 These and other approaches have been shown to
be effective and sensitive, but may have limited functionality in
diverse HIV-1 genomes because of the variability of target
sequences, resulting in mismatch recognition and inherent
copying error of the amplicon during PCR ampliﬁcation25 and
loss of speciﬁcity. The previously mentioned commercial and
noncommercial techniques can sensitively detect HIV resis-
tance mutations, such as K103N; however, they still require
laboratory infrastructure and expertise, which are limited in
RLS. The application of a new method in RLS will require402comparable sensitivity to existing methods with reduction of
duration of sample-to-result time and less equipment restric-
tions based on the ampliﬁcation technique.
Most of the previously mentioned drug-resistance detection
techniques depend on PCR or another form of temperature
cycling. PCR requires expertise and equipment, and can be
challenging when amplifying a small population of mutant
viral sequences due to non-speciﬁc ampliﬁcation. As an alter-
native, nucleic acid sequence-based ampliﬁcation (NASBA),
used in HIV VL testing, can be faster than PCR for certain
RNA ampliﬁcation and compares favorably with PCR for HIV
RNA detection.10,26,27 Because NASBA is an isothermal and
exponential process, it avoids rapid degradation of enzymes
and undesirable hybridization of participating nucleic acids.28
NASBA also has its limitations; it can be limited by the
secondary structure of RNA, making primer design and mul-
tiplexing difﬁcult. Clinically relevant hybridization sites on
long RNA strands may require stringent oligonucleotide
design, with only a small fraction of sequences hybridizing
efﬁciently to RNA, thus reducing the efﬁciency of the ampli-
ﬁcation process.29 To combat these issues, NASBA usually
begins with a 65C heating step before the addition of enzymes
to disrupt full-length RNA secondary structure30 and expose
primer binding sites, typically 100 to 250 nucleotides apart, to
avoid products with an inhibitory secondary structure.31 An
additional disadvantage is the fact that NASBA initiates with
a noncyclic reverse transcription phase, resulting in a relatively
long initial step.32 NASBA has been used in a variety of
noncommercial HIV-1 VL assays27,33,34 and in commercially
available kits, such as the NASBA HIV-1 RNA QT ampliﬁ-
cation system35 or the NucliSens HIV-1 QT36 and its updated,
more rapid, convenient, and reliable version, NucliSens
EasyQ.37 However, the NASBA principle has not been used in
detection of drug-resistant mutations.
Herein, we re-introduce and implement a new approach38
for mutation detection, termed simple method for amplifying
RNA targets (SMART), and use the common K103N as
a model HIV-1 drug-resistant mutation. SMART is a signiﬁ-
cant deviation from currently usedmethods (namely, PCR and
NASBA), speciﬁcally focused on cost-constrained and low
laboratory infrastructure settings. Figure 1 provides an over-
view of the processes in SMART,which are further detailed in
our previous article38 and in the supplemental materials.
SMART incorporates the advantages of microﬂuidics and
avoids the limitations of NASBA. This goal is achieved by
incorporating a binding step and amicroﬂuidic separation step,
which allow the hybridization sites to be located anywhere
along the RNA target. As the basis of the new approach,
SMART ampliﬁcation and detection do not depend on target
RNA variability, but rather on the speciﬁc hybridization of
a small single-strandedDNAprobe termed theSMARTprobe.
This article describes the use of SMART in detecting the
K103N drug-resistance mutation, both on and off chip, with
synthetic HIV-1 model sequences, establishing the ground-
work for drug-resistance monitoring and VL assays in clinical
samples.jmd.amjpathol.org - The Journal of Molecular Diagnostics
Figure 1 Overview of SMART. 1) RNA sample is
isolated from a clinical sample and put into a TE
buffer solution. 2) Streptavidin-coated beads
conjugated with biotinylated capture oligonucleo-
tides and SMART probes are added to the solution.
3) The solution is added to W1 of the SMART
microchip, and a magnet is used to separate the
bead-bound complex from the unbound structures.
4) SMART probes are ampliﬁed via a modiﬁed
NASBA scheme. 5) Sample is quantiﬁed in real-time
using molecular beacons.
SMART Detection of HIV Drug ResistanceMaterials and Methods
Engineered Oligonucleotide Sequences
To design a comprehensive set of sequences that would
represent the high variability of the HIV-1 K103N region,
which is present in multiple HIV-1 subtypes and recombi-
nant forms,39 we used a curated aligned data set of 300
K103N and 6100 wild-type (WT) sequences, obtained from
the nonsubtype B working group data set.40
The diverse regions adjacent to RT position 103 were
examined in this multieHIV-1 subtype data set, and the
most conserved K103N mutated (50-AGAACAAATCGG-
TAAC-30) and WT (50-AAAAAGAAAAAATCAGTAA-
CA-30) sequences were determined, covering approximately
75% of K103N and approximately 60% of WT sequences.
One K103N sequence and one WT sequence were chosen,
both containing these conserved sequences, respectively. A
relevant portion of these individual sequences (approxi-
mately 30 nucleotides that include the respective conserved
sequences) were used to engineer K103N and WT synthetic
DNA (sDNA) fragments.
In subsequent experiments, additional sequences will be
used to cover 100% of mutant and WT variants. The K103N
sDNA used (Table 1) was in a Tris-EDTA buffer solu-
tion and contained two distinct sequences representing
a conserved region (50-ATGGGTGCGAGAGCGTCAA-
TATTAAG-30; capture oligo) of the HIV-1 gag gene, which
is biologically upstream of the K103N region; and a K103N
mutation region sequence (50-CAGGGTTAAAGAAGAA-
CAAATCGGTAACAG-30; SMART probe). These two
regions were separated by 10 adenine oligonucleotides to
give ample space for hybridizations of the capture oligo andThe Journal of Molecular Diagnostics - jmd.amjpathol.orgSMART probe. Table 1 similarly provides the WT sDNA
sequence, SMART probes, primers, molecular beacon
sequences, and nucleotide length of these model sequences.
All of these custom oligonucleotides were purchased from
Integrated DNA Technologies, Inc. (Coralville, IA). Table 1
also shows the K103N and WT RNA reverse complement
(RC) sequences.Theoretical Hybridizations
Theoretical hybridizations of sDNA to biotinylated oligos,
sDNA to SMART probes, beacon dimers, and beacon to
target RNA RC were calculated using the DINAMelt
and mFold Web Server software version 3.1 (DINAMelt
Server; RNA Institute, The State University of New York at
Albany, Albany, NY; http://mfold.rna.albany.edu, last
accessed July 1, 2011), for reaction conditions: temper-
ature Z 41C, [Naþ] Z 70 mmol/L, and [Mg2þ] Z 12
mmol/L. Oligonucleotide hybridizations are characterized
by two properties: the Gibbs free energy (DG), where
a more negative DG value represents a more energetically
favorable state (higher probability of hybridization), and the
melting temperature of the hybrid at which 50% of the
structures will be unhybridized. The probability of
hybridization can be expressed as follows: P f exp( DG/
RT ) where R Z a rate constant and T Z hybridization
temperature (constant). This equation shows that a more
negative DG exponentially increases the probability of
hybridization. Probes and targets were designed to effec-
tively hybridize while avoiding non-speciﬁc hybridizations.
The theoretical hybridization energy of probes and targets
is shown in Supplemental Table S1.403
Table 1 Oligonucleotides Used in the SMART Assay
Oligo Sequence
Length
(nucleotides)
K103N sDNA 50-aaaaCAGGGTTAAAGAAGAACAAATCGGTAACAGaaaaaaaaaaA
TGGGTGCGAGAGCGTCAATATTAAGaaaa-30
74
WT sDNA 50-aaaaGGGTCTAAAAAAGAAAAAATCAGTAACaaaaaaaaaaaAT
GGGTGCGAGAGCGTCAATATTAAGaaaa-30
72
Biotinylated oligo 50-5BioTEG/CTTAATATTGACGCTCTCGCACCCAT-30 26
K103N SMART probe 50-TCAAGAGTAGACACCTGTTACCGATTTGTTCTTCTTTAACCCTG
GTAATCAGATCAGAGCAATAGGTCA-30
69
WT SMART probe 50-ACTAGCCTTCACGGTGTTACTGATTTTTTCTTTTTTAACCCTG
GTAATCAGATCAGAGCAATAGGTCA-30
68
Primer sequence 1 (K103N þ WT) 50-taatacgactcactatagggTGACCTATTGCTCTGATCTGATTAC-30 45
Primer sequence 2 (K103N) 50-TCAAGAGTAGACACCTGTTACCGAT-30 25
Primer sequence 3 (WT) 50-ACTAGCCTTCACGGTGTTACTGATT-30 25
K103N RNA RC 50-TGACCTATTGCTCTGATCTGATTACCAGGGTTAAAGAAGAACAA
ATCGGTAACAGGTGTCTACTCTTGA-30
69
WT RNA RC 50-TGACCTATTGCTCTGATCTGATTACCAGGGTTAAAAAAGAAAA
AATCAGTAACACCGTGAAGGCTAGT-30
68
Beacon 1 (K103N) 50-/6-FAM/cgcgTCAAGAGTAGACACCTGTTACCGATcgcg/3IABlk_FQ/-30 33
Beacon 2 (WT) 50-/Cy5/cgcgACTAGCCTTCACGGTGTTACTGATTcgcg/3IABlk_FQ/-30 33
The single-stranded K103N sDNA sequence was designed with a mutated sequence (boldfaced) centered about the K103N codon (underlined), and the single-
stranded WT sDNA sequence was designed with a nonmutated sequence (plain text) centered about the nonmutated lysine codon (underlined) (repetition of that
previously described). Poly(A) sequences (lowercased) ﬂanking the target regions extend the sDNA sequence to simulate the longer viral RNA sequence occurring
in nature, and the poly(A) sequences in the middle simulate the sequences that are between the capture and target region in nature. K103N and WT SMART probes
have hybridization regions (boldfaced) with their respective sDNA targets and a primer 1 region (underlined). Primer 1 was designed to hybridize with both probes
(underlined) and contains a T7 promoter region (lowercased). Primer 2 (K103N) and primer 3 (WT) were designed to hybridize (boldfaced and underlined) with the
K103N RNA RC and the WT RNA RC, respectively, and all potential SMART probe variations. Beacon 1 (K103N) and beacon 2 (WT) were also designed to
competitively hybridize with the same regions (boldfaced and underlined) of the K103N RNA RC and the WT RNA RC, respectively. Again, this is to ensure that only
one K103N beacon and one WT beacon are necessary for all variations of K103N and WT probes. The stem-loop region of each beacon is lowercased.
Morabito et alMicrochip Device
The microchip was constructed using a glass substrate and
a polydimethylsiloxane layer containing microchannels and
reservoirs. The microchip design (Supplemental Figure S1B) is
a simple four-channel device (onechannel per sample), inwhich
each channel is tapered and designed for adequate separation of
conjugated magnetic beads from unbound SMART probes
using a magnetic bar. The microchip can process four samples
simultaneously. The 2.8-mm diameter M-280 magnetic beads
were obtained from Invitrogen (Carlsbad, CA).
NASBA Reaction Mix
The reagents used for NASBA and their concentrations at
the ﬁnal reaction volume were 40 mmol/L Tris (pH 8.0),
12.5 mmol/L MgCl2, 73.5 mmol/L CH3COOK, 5.25 mmol/
L dithiothreitol, 1.05 mmol/L dNTP, 2.1 mmol/L rNTP,
0.21 mmol/L each primer, 52.5 nmol/L molecular beacon,
15.75% dimethyl sulfoxide, 1.68 m/mL T7 RNA polymerase,
0.34 m/mL AMV-RT, 0.005 m/mL RNase-H, and 0.11 mg/mL
bovine serum albumin. Enzymes and reagents used were
purchased from Promega (Madison, WI).
Heating Devices
For on-chip ampliﬁcation, an external RK-80H power supply
(MatsusadaPrecision Inc.,KusatsuCity, Shiga, Japan) provided4044 to 5V to theMincoﬂexible transparent heater to achieve 41C
inwell 2 of themicrochip.Wevalidated the heating temperature
using a thermocouple attached to our microchip wells.
For off-chip real-time ampliﬁcation and detection, we
used a single cuvette peltier (Photon Technology Interna-
tional, Birmingham, NJ); and for off-chip ampliﬁcation
followed by off-chip end point gel electrophoresis, we used
a C1000 thermal cycler (Bio-Rad, Hercules, CA).
Optical Equipment
For on-chip real-time detection, we used a Nikon Eclipse
TE2000-U ﬂuorescent microscope (Nikon Instruments, Inc.,
Melville, NY) with a blue ﬁlter set for 6-carboxyﬂuorescein
(450- to 490-nm excitation, 515-nm long-pass emission),
a red ﬁlter set for Cy5 (590- to 650-nm excitation, 663- to
738-nm band-pass emission), a 4 objective, a model 814
Photomultiplier Detection System with a gain of 700 V
(Photon Technology International), and an integrated high-
speed shutter (Melles Griot, Albuquerque, NM) set to open
for 0.2 seconds. A custom in-house LabVIEW (National
Instruments Corporation, Austin, TX) data acquisition
program collected photomultiplier tube output at a rate of
12 to 15 Hz.
For off-chip real-time detection, samples were prepared in
disposable Uvettes (Eppendorf AG,Hamburg, Germany), and
real-time ﬂuorescence was measured using a Quantamasterjmd.amjpathol.org - The Journal of Molecular Diagnostics
SMART Detection of HIV Drug Resistancespectroﬂuorometer (Photon Technology International, Bir-
mingham, NJ).
SMART Experiments
K103N and WT sDNA samples with a concentration ranging
from 6  108 to 6000 copies/mL were used. This range of
VLs is only two orders of magnitude higher than the range of
detection of most commercially available HIV-1 VL assays
(107 to approximately 50 copies/mL),10 thus most of these
starting concentrations of sDNA are clinically relevant.
Biotinylated oligos, sDNA sample, SMART probes, mag-
netic beads, and hybridization buffer were incubated for
30 minutes before loading onto the microchip. The poly-
dimethylsiloxane chip was prewashed with nuclease decon-
tamination solution (Integrated DNA Technologies) and
presoaked with hybridization buffer (Tris, MgCl2, NaCl,
Tween-20, and bovine serum albumin). Microﬂuidic sepa-
ration occurred after the incubation as biotinylated oligos,
sDNA sample, SMART probes, magnetic beads, and hy-
bridization buffer were added to well 1 (W1; Figure 1) and
moved through the channel by moving a neodymium mag-
net along the bottom of the channel at approximately 0.6 mm/
second toward well 2 (W2; Figure 1). To ensure that beads
would not clog channels, an optimized concentration of 0.05
mg/mL was used. On-chip or off-chip ampliﬁcation was then
performed for 180 minutes at 41C, described later. Although
on-chip detection can be performed by integrating a better
detection system, we used off-chip detection because the
ﬂuorometer was already equipped for more accurate, higher-
sensitivity ﬂuorescence detection, allowing us to better gauge
the sensitivity of our assay.
Although real-time ampliﬁcation analysis was performed
with molecular beacons, end point analysis of ampliﬁcation
products was performed with gel electrophoresis via a 2100
Bioanalyzer Small RNA Assay (Agilent Technologies,
Marshﬁeld, MA).
On-Chip Ampliﬁcation
At the conclusion of the separation step, the magnetic bead
complexes were <1 cm from W2 and the ﬂow was manually
stopped by the removal of solution in both W1 and W2 and
the addition of 12mL of parafﬁn oil toW1 to avoid evaporation
of reagents. The NASBA reaction mix was then introduced
for on-chip ampliﬁcation (total volume, 5 mL) and the on-chip
ampliﬁcation apparatus was connected. On-chip ampli-
ﬁcationwas used to preliminarily demonstrate the ability of the
assay to be used as a point-of-care (POC) device.
Off-Chip Ampliﬁcation
At the conclusion of the separation step, the magnetic bead
complex was moved into W2. Then, the W2 contents were
transferred into a polypropylene tube and W2 was rinsed
with an additional 6 mL of hybridization buffer. The beadsThe Journal of Molecular Diagnostics - jmd.amjpathol.orgwere then collected at the bottom of the tube, and all but
2 mL of solution was removed for off-chip NASBA
ampliﬁcation using a ﬂuorometer. Fluorescence readings
were taken every 5 minutes to yield real-time ﬂuorescence
data. Off-chip ampliﬁcation used the same ratio of NABSA
reaction mix as on-chip ampliﬁcation, with a larger total
solution volume of 80 mL.Results
The SMART probe can be engineered speciﬁcally to have
favorable or unfavorable binding energies (eg, ensuring it does
not bind to other oligonucleotides in the mix). SMART
requires only single-time diffusion and binding of small
molecules (SMART probes) into the RNA structure. Hence,
diffusion is fast and less dependent on the RNA structure itself
than in traditional NASBA. The ampliﬁcation step of SMART
uses an abridged version of NASBA, starting with the short
SMARTprobeDNA template rather than the actual longRNA
template. This crucial design feature completely eliminates the
noncyclic reverse transcription phase of NASBA and uses
a small amplicon (100 nucleotides) compared with traditional
NASBA or PCR for amplifying RNA, resulting in faster and
more accurate ampliﬁcation and detection. SMART can be
performed on a closed microﬂuidic chip device that uses
isothermal heating in low temperature (41C) without thermal
cycling or preheating, thus driving cost down. In this prelim-
inary work, we used sDNA in place of clinical HIV RNA
samples, to establish the feasibility of this method. Future
work will integrate isolation of RNA from clinical samples
from HIV-infected patients.Validation of SMART Using On-Chip Ampliﬁcation
SMART experiments were initially performed for K103N
detection using capture, separation, and on-chip ampliﬁca-
tion for 180 minutes at 41C, followed by off-chip end point
gel electrophoresis. End point detection was used rather than
real-time detection to validate the capture and separation
steps, ensuring that the correct size oligonucleotide was
ampliﬁed and visible in the gel plot. In addition, to evaluate
the effect of the molecular beacons, ampliﬁcation was per-
formed with (Bþ) and without (B) beacons, to investigate
if there was any inhibitory effect on ampliﬁcation.
Figure 2A summarizes the outcomes of the experiment,
conﬁrming that capture, separation, and ampliﬁcation reac-
tions were occurring as expected. K103N probe RC was
expected to be approximately 69 nucleotides. The dark
bands in the K103N-positive lanes (1, 2, 6, and 7) corre-
spond to this product. This K103N probe RC band also
occurred in K103N-negative lanes (3, 4, 5, 8, 9, and 10), but
at light intensity (low concentration), likely because of low
concentrations of K103N probe carryover during separation,
which was expected.38 This minimal probe carryover limits
the sensitivity of our assay, and we are exploring ways to405
Figure 2 A: SMART gel plot after on-chip ampliﬁcation for 180 minutes, showing the detection of K103N sDNA at different concentrations (lanes 1, 2, 6, and
7), using a K103N probe in the absence (B) or presence (Bþ) of beacons. No DNA (lanes 3 and 8) and low and high concentrations of WT single-stranded DNA
(lanes 4, 5, 9, and 10) were also included as negative controls for detection with a K103N probe. B: SMART electropherogram of the gel plot shown in A, showing
that the addition of molecular beacons has a signiﬁcant inhibitory effect on probe ampliﬁcation, especially for low starting concentrations of K103N sDNA.
Morabito et alfurther reduce carryover for even greater sensitivity. Light
bands also occurred at approximately 45 and approximately
22 nucleotides, likely attributed to the primers used. An
unexpected band of light intensity (approximately 60 nucle-
otides) may have been generated as the polymerase prema-
turely aborted transcription, resulting in RNA RC products
that are shorter than expected. This prematurely aborted
transcription was also observed in previous work38 and does
not have a negative impact on the assay sensitivity. Corre-
sponding electropherographic data (Figure 2B) showed, as
expected, that high starting concentrations of K103N sDNA
yielded the highest ﬂuorescence signal and that controls with
no DNA and WT exhibited minimal ﬂuorescence.
Interestingly, the addition of molecular beacons had
a signiﬁcant effect on the ampliﬁcation, particularly at the
low concentration. In Figure 2B, the area under the curve for
the starting concentration of 6  108 copies/mL declined
approximately 10% (lane 1 to lane 6) with the addition of
beacon while decreasing approximately 45% for 6  106
copies/mL (lane 2 to lane 7). This suggests that beacon is
not only inhibitory to the ampliﬁcation cycle, but also that
inhibitory events are more pronounced at lower K103N
probe concentrations. A lower starting concentration of
K103N sDNA yields less hybridized K103N probe, as
evident in the electropherogram when comparing 6  108
and 6  106 copies/mL, making the starting concentration
of available K103N probe template for the NASBA cycle
lower. Because the ampliﬁcation cycle is exponential, the
suggested inhibitory events are of a greater magnitude at
lower K103N probe concentrations. This is directly sup-
ported by the data when comparing end point ampliﬁcation.
Validation of SMART Using Off-Chip Ampliﬁcation with
Real-Time Detection
On veriﬁcation of the ampliﬁed product using end point
detection, by interpreting the gel plot (Figure 2A) and406electropherogram (Figure 2B), SMART ampliﬁcation was
performed off chip for real-time K103N detection. Figure 3A
shows the real-time results. First, the exponential curves
plateau toward a maximum because the ﬂuorescence repre-
sents the beacons hybridizing with the amplifying K103N
RNARC, in the presence of a limited amount (52.5 nmol/L) of
molecular beacons in the reaction mix. For the high concen-
tration (6  108 copies/mL), 90 minutes of ampliﬁcation
yielded distinguishable detection versus the controls, with the
ampliﬁcation curve crossing the threshold of detection [ie,
time to positivity value (Tp) in 45 minutes]. For the lower
concentrations (6 106 through 6000 copies/mL), this level of
detection was achievable but required more time for ampliﬁ-
cation, consequently higher Tp or equivalent CT values. From
these results, we plotted a linearmodel of Tp versus copies/mL
(logarithmic scale), shown in Figure 3B. Figure 3C shows an
end point analysis of our results, offering a clear illustration of
all K103N concentrations tested to bewell above the threshold
of detection after 180 minutes of ampliﬁcation.
Determining K103N Concentration Using SMART Probes
As a ﬁnal implementation step, we evaluated SMART as an
effective means for estimating K103N concentrations of
unknown samples. The objective of this approach was to
establish that we can simultaneously amplify and detect
a multiple beacon system and that our SMART probes may
be used in such a system as standards to determine K103N
concentration of an unknown sample. We considered
a group of samples with variable concentrations of WT and
K103N SMART probes. We used a total of 1 pmol/L (6 
108 copies/mL) of SMART probes (K103N þ WT) to
evaluate the efﬁcacy of our assay to generate linear models
based on K103N SMART probe concentrations. A variety
of K103N SMART probe concentrations were used as our
known standards and ranged from 100% (6 108 copies/mL)
to 1% (6  106 copies/mL).jmd.amjpathol.org - The Journal of Molecular Diagnostics
Figure 3 SMART assay results using off-chip ampliﬁcation with real-time detection. A: WT sDNA and no DNA negative controls were included and plotted as
background ﬂuorescence (gray area). WT-speciﬁc SMART probes, WT primers, and WT molecular beacon were not included in this assay. The dashed black line
indicates the threshold of detection or Tp for positive samples. SD was within 5% of results (error bars not shown). B: The Tp values are plotted versus the
logarithmic scale of starting K103N sDNA concentration. SD was within 5% of results (error bars not shown). C: Histogram of normalized ﬂuorescence of all
sDNA and controls after 180 minutes’ reaction time. SD was within 5% of results (error bars not shown).
SMART Detection of HIV Drug ResistanceFigure 4 shows the off-chip real-time detection of the
K103N probe within varying K103N-WT probe samples.
There was no considerable change in baseline K103N beacon
ﬂuorescence for samples containing no DNA and for a sample
containing onlyWT probe, conﬁrming that the K103Nbeacon
was stable and highly speciﬁc to its intendedK103NRNARC
target. As the starting percentage of K103N probe increased,
so did the rate of ﬂuorescence. With a higher starting con-
centration of the K103N probe, the reaction produced more
K103N RNA RC in a given amount of time. Therefore, with
higher starting concentrations of K103N probes, there was
faster hybridization of K103N beacons with the K103N RNA
RC targets. This correlation can also be explained in its
converse; as the starting concentration of K103N probes
decreased, the resulting exponentialﬂuorescence curve shifted
with increasing time. These data correspond to the real-time
SMART results shown in Figure 3A, in which a higher
concentration of starting K103N sDNA yielded more K103N
probe, which, in turn, resulted in faster ampliﬁcation.
Figure 5 similarly shows the off-chip real-time detection
of the WT probe within varying K103N-WT probe samples.
There was no change in baseline WT beacon ﬂuorescence
for samples containing no DNA and for a sample containing
only K103N probe, conﬁrming that the WT beacon was
stable and highly speciﬁc to its intended WT target. For
samples containing 50% to 100% WT probe, the WT
beacon ﬂuorescence increased exponentially, reaching its
beacon-limited maximum after approximately 45 minutes.
These data indicate that the WT beacon hybridized effec-
tively with high concentrations of WT RNA RC target;
however, the concentrations were too high to achieve any
distinguishable resolution between the varying concentra-
tions of probe in this time scale. This suggests that SMART,
as it is designed, is not ideal for distinguishing concentra-
tions >3  108 copies/mL. This gives us a ballpark numberThe Journal of Molecular Diagnostics - jmd.amjpathol.orgfor the upper VL limit of our assay, which compares well
with commercially available VL kits (approximately 107
copies/mL).
These off-chip data sets were then used to generate model
ﬁts capable of predicting starting K103N probe concentra-
tions by standardizing, rearranging, and plotting the real-
time ﬂuorescence data. Figure 6A shows the model for high
concentrations (3  107 to 1.5  108 copies/mL) of
K103N SMART probes. For high starting concentrations,
we were able to resolve ﬂuorescence at an early time point
during the ampliﬁcation (45 minutes). These data ﬁt a linear
curve that can be used to interpolate for unknown high
K103N SMART probe starting concentrations based on
these measured ﬂuorescence standard values. For low con-
centrations (<3  107 copies/mL) (Figure 6B), we are able
to resolve the variations at a later time point during the
ampliﬁcation (90 minutes). These data ﬁt a linear curve that
can be used to interpolate for unknown low K103N SMART
probe starting concentrations based on measured ﬂuores-
cence values. These data also show that K103N beacons
hybridized effectively with high and low concentrations of
K103N RNA RC target.
For the case of on-chip ampliﬁcation, each polydimeth-
ylsiloxane chip contained four identical channels, such that
three samples of knownK103N concentration could be run in
parallel with one unknown sample. However, to establish our
theoretical model, we used all four channels with known
sample quantities. Figure 7, A and B, shows similar plots for
on-chip modeling.Discussion
Herein, we present a novel method for RNA mutation
detection, and apply it to HIV-1 drug-resistance407
Figure 4 Off-chip real-time ﬂuorescence of ampliﬁed K103N probe as
a function of time. Total concentration of SMART probes (K103N þ WT)
were 1 pmol/L (6  108 copies/mL). SD was within 5% of results (error bars
not shown). Background ﬂuorescence is shown as a shaded gray area.
Figure 5 Off-chip real-time ﬂuorescence of ampliﬁed WT probe as
a function of time. Total concentration of SMART probes (K103N þ WT) was
1 pmol/L (6  108 copies/mL). SD was within 5% of results (error bars not
shown). Background ﬂuorescence is shown as a shaded gray area.
Morabito et aldetermination. We captured, separated, ampliﬁed, and
detected target mutated and WT sDNA sequences resem-
bling an HIV-1 RT commonly mutated region, and engi-
neered ampliﬁable SMART probes for optimal reaction
kinetics rather than amplifying the target sDNA itself, using
both off-chip and on-chip ampliﬁcation and detection
systems. We show that the initial 65C step of NASBA can
be removed because of our novel design, making the
ampliﬁcation fully isothermal, thus providing signiﬁcant
advantages in ﬁeld-deployable and other POC settings. The
hybridization of both a biotinylated oligonucleotide and an
ampliﬁable SMART probe, instead of primers, maintained
the speciﬁcity of the assay when compared with traditional
methods of mutation detection. Also, the use of magnetic
beads instead of a tube-based multiple wash kit allowed for
simple and efﬁcient separation of the target-bead complex
from unbound SMART probe. A simple microﬂuidic device
to facilitate separation of the ampliﬁable SMART probes
was incorporated, avoiding the need for a ﬂow apparatus or
major heating component. This resulted in a signiﬁcantly
reduced assay cost and is a promising practical platform for
POC use.
Existing methods for HIV resistance mutation detection
are not intended for POC use. In addition, existing detection
methods potentially suitable for POC use do not incorporate
drug-resistance mutation determination. Sensitive commer-
cial VL nonmicroﬂuidic assays are not speciﬁcally designed
to detect drug-resistance sequences and appear to lack the
practicality for POC settings. Microﬂuidic methods, which408are only developed using immunobased chemistry, are
promising VL methods for POC use, but fail to address
drug-resistance monitoring.10 Many drug-resistance muta-
tion detection assays either are commercially available (e.g.,
TRUGENE and ViroSeq) or used in the research setting
(e.g., pyrosequencing, single-genome sequencing, allele-
speciﬁc PCR, and ligation ampliﬁcation), but they are not
yet fully viable for POC and do not take advantage of
microﬂuidics. SMART is a promising means of merging
these methods for POC settings, using a simple microﬂuidic
platform for detecting resistance-mutant sDNA with
high speciﬁcity and distinguishing between mutant/WT
sequences simultaneously. With further development,
SMART could be used as a VL monitoring technique in
addition to determining the concentration of resistance
mutations such as K103N within a given sample.
In our experiments, we observed that the addition of
molecular beacons had a signiﬁcant effect on ampliﬁcation,
particularly at lower concentrations. This is likely attributed
to the combination of two inhibitory events: the competition
between primer 2 and beacon 1 during the ampliﬁcation cycle
and the premature abortion of T7 polymerase. McCalla et al38
reported that the premature abortion did not affect their
detection methods because the beacon targeted the middle of
the transcribed inﬂuenza RNA. However, herein, the beacon
targeted the end of the transcribed RNA, which would result
in decreased beacon-RNA hybrids for the prematurely
aborted RNA products. Several smaller peaks in the elec-
tropherogram support this suggestion. Targeting the end of
the RNA, rather than the middle, negatively affects the speed
of the assay, but is a necessary assay design trade-off for
simultaneous detection of many K103N SMART probes
while only using two primers and one molecular beacon.jmd.amjpathol.org - The Journal of Molecular Diagnostics
Figure 6 Off-chip modeling of ﬂuorescence versus K103N SMART probe
concentration at high concentrations (3  107 to 1.5  108 copies/mL
K103N SMART probe) (A) and low concentrations (3  107 copies/mL
K103N SMART probe) (B).
Figure 7 On-chip modeling of ﬂuorescence versus K103N SMART probe
concentration at high concentrations (3  107 to 1.5  108 copies/mL
K103N SMART probe) (A) and low concentrations (3  107 copies/mL
K103N SMART probe) (B).
SMART Detection of HIV Drug ResistanceResults of the Bþ versus B experiments supported our
hypothesis that a beacon-free system would amplify larger
quantities of product. By our design, the beacons were in
competition with Seq2 and Seq3 primers (Table 1) to
hybridize with the RNA RC products during NASBA
(Supplemental Figure S1C). When comparing the K103N
samples containing 6  108 copies/mL, we saw approxi-
mately a 12% increase in ﬂuorescence when the beacon was
removed. For K103N samples containing 6  106 copies/mL,
we saw approximately a 50% increase when the beacon was
removed. This suggests that the beacon is inhibitory to the
ampliﬁcation cycle and supports the argument that inhibitory
events are of a greater magnitude at lower K103N probe
concentrations.
Nonetheless, the beacons are essential for detection in our
assay and our POC design criteria; thus, the purpose of thisThe Journal of Molecular Diagnostics - jmd.amjpathol.orgcomparison was to better understand the kinetics of the
system, not to reach a decision point to eliminate or keep the
molecular beacons. Rather than remove beacons from our
one-step master mix, we seek to further optimize the
NASBA buffer conditions for faster ampliﬁcation and
reduce carryover of unbound SMART probes for greater
speciﬁcity. Although the sensitivity of 6000 copies/mL,
shown herein, must be improved before clinical use, this
work successfully establishes the feasibility of using a new
technique (SMART) for detection of drug-resistance muta-
tions, such as K103N.
The results of our real-time off-chip ampliﬁcation experi-
ments indicate that detection for lower target concentrations
(6 106 through 6000 copies/mL) is achievable, but requires
longer ampliﬁcation times and, consequently, higher Tp or
equivalent CT values. This strongly suggests that detection is
possible for low, clinically relevant concentrations of K103N
(1000 copies/mL) using SMART. A slightly longer
ampliﬁcation time is required (approximately 4 hours) to409
Morabito et alachieve comparable results in lower concentrations, although
Tp is achievable within 180 minutes. Off-chip ampliﬁcation
achieved a much greater degree of sensitivity than could be
achieved using on-chip optics, demonstrating the greatest
sensitivity of our assay as it stands. From our linear model
(Figure 3B) of Tp versus copies/mL (logarithmic scale), the
current SMART assay is theoretically sensitive enough to
detect as low as 1000 copies/mL of K103N sDNA.
By using the real-time ﬂuorescence data from known
standards (ie, samples with known K103N SMART probe
concentrations), we were able to accurately predict the
K103N probe concentration (copies/mL) of an unknown
multiprobe sample. Off-chip ampliﬁcation was used to
establish this method of modeling, with a greater degree
of sensitivity than could be achieved with on-chip
ampliﬁcation. However, the off-chip ampliﬁcation was
a less practical method because we could only amplify
one sample at a time and required a cuvette. On-chip real-
time detection of sDNA samples required a small (only 5
mL) amount of reaction volume, as opposed to conven-
tional PCR volumes, which usually start at a minimum of
20 mL. The small reaction volume concentrated the target
and probe molecules, which may have decreased the time
to positive results. Linear models for on-chip ampliﬁca-
tion were produced, but with a larger SE, resulting in
reduced speciﬁcity of the on-chip model.
Through this study, we were able to observe the limi-
tations of SMART. First, the use of molecular beacons
inhibited the ampliﬁcation process, but the Tp values were
similar to commercial and noncommercial PCR-based
techniques. This is, therefore, only a minor issue and
a worthwhile trade-off for the POC attributes that accom-
pany the use of molecular beacons. Second, SMART assay
design parameters may be adapted and further optimized
for smaller Tp values that would reduce the reaction time
beyond existing techniques. Third, SMART at its current
stage lacks an integrated isolation step. This is an impor-
tant aspect of its POC applicability and is in development.
Fourth, the optics used for detection were laboratory grade,
and a transition to ﬁeld-deployable optics to achieve full
POC and RLS status is still needed. Fifth, we only
demonstrated SMART to be effective for targeting one
K103N and one WT sequence. Future work will include
assaying multiple sequences simultaneously to further
prove the validity and applicability of our design. Last, the
sensitivity of SMART is within the commercially relevant
range (2000 to 10,000,000 copies/mL), but additional work
is needed to improve the sensitivity to match the lower VL
limit of commercial kits (approximately 50 copies/mL),
and for sensitive detection of drug-resistance mutations.
We anticipate achieving greater sensitivity by incorpo-
rating our own on-chip isolation technique, in which larger
volumes of starting sample containing RNA will be pro-
cessed and concentrated into a smaller volume. This would
effectively increase the VL, a beneﬁt that our synthetic
samples did not have.410In summary, we introduce a novel HIV drug-resistance
detection assay and show that it can theoretically detect,
quantify, and estimate unknown HIV RT K103N concentra-
tions. These methods and platform have great potential for
their eventual application to clinical, global HIV care. In our
study, we demonstrated that sDNA, based on actual K103N
and WT HIV-1 viral RNA sequences, hybridized efﬁciently
with SMART probes at clinically relevant concentrations. In
addition, the sample-to-result time of our assay meets or
improves on most commercially available assays.10 The
ﬂexibility of the SMART probe sequence allows this method
to be easily adopted for other HIV drug-resistance mutations.
Moving forward, wewould like to achieve similar results with
clinical HIV samples, incorporate the RNA isolation step, and
use RLS capable optics, such as light-emitting diodes and
suitable cameras. Our ultimate goal of providing costly,
timely, and effective POC HIV quantiﬁcation and drug-
resistance detection methods in RLS, with no mandatory
laboratory support, will allow clinicians to more adequately
and effectively treat HIV-infected patients, whether before or
after exposure to antiretroviral therapy. In our future work, we
will apply these methods to clinical HIV-1 samples, other
RNA targets, such as the inﬂuenza virus, and biothreats.
Doing so will require extensive optimization of our assay so
that it is tuned to overcome the technical challenges in
sensitivity and speciﬁcity that clinical samples may present.
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